The resulting system, known as a Luttinger liquid, is predicted to be distinctly different from its two-and three-dimensional counterparts 1 . For example, tunnelling into a Luttinger liquid at energies near the Fermi level is predicted to be strongly suppressed, unlike in two-and three-dimensional metals. Experiments on one-dimensional semiconductor wires 2, 3 have been interpreted by using Luttinger-liquid theory, but an unequivocal veri®cation of the theoretical predictions has not yet been obtained. Similarly, the edge excitations seen in fractional quantum Hall conductors are consistent with Luttinger-liquid behaviour 4, 5 , but recent experiments failed to con®rm the predicted relationship between the electrical properties of the bulk state and those of the edge states 6 . Electrically conducting singlewalled carbon nanotubes (SWNTs) represent quantum wires 7±10 that may exhibit Luttinger-liquid behaviour 11, 12 . Here we present measurements of the conductance of bundles (`ropes') of SWNTs as a function of temperature and voltage that agree with predictions for tunnelling into a Luttinger liquid. In particular, we ®nd that the conductance and differential conductance scale as power laws with respect to temperature and bias voltage, respectively, and that the functional forms and the exponents are in good agreement with theoretical predictions.
SWNTs are suf®ciently robust and long to allow electrical connections to lithographically de®ned metallic electrodes, thereby making it possible to probe the intriguing electrical properties of Figure 1 The two-terminal linear-response conductance G versus gate voltage V g for a bulk-contacted metallic nanotube rope at a variety of temperatures. The data show signi®cant temperature dependence for energy scales above the charging energy that cannot be explained by the Coulomb blockade model. Inset: average conductance as a function of temperature T. The samples used in these experiments are made in one of two ways. In both methods, SWNTs are deposited from a suspension in dichloroethane onto a 1-mm-thick layer of SiO 2 that has been thermally grown on a degenerately doped Si wafer, used as a gate electrode. Atomic force microscopy imaging reveals that the diameters of the ropes vary between 1 and 10 nm. In the ®rst method 9 , chromium±gold contacts are applied over the top of the nanotube rope using electron beam lithography and lift-off. From measurements of these devices in the Coulomb blockade regime, we conclude that the electrons are con®ned to the length of rope between the leads. This implies that the leads cut the nanotubes into segments, and transport involves tunnelling into the ends of the nanotubes (`end-contacted'). In the second method 10 , electron-beam lithography is ®rst used to de®ne leads, and ropes are deposited on top of the leads. Samples were selected that showed Coulomb blockade behaviour at low temperatures with a single wellde®ned period, indicating the presence of a single quantum dot. The charging energy of these samples indicates a quantum dot with a size substantially larger than the spacing between the leads, as found by Tans et al.
10
. Transport thus occurs by electrons tunnelling into the middle, or bulk, of the nanotubes (`bulkcontacted').
these nanometre-sized structures 7±10,13,14 . Individual tubes, for example, are either semiconducting or conducting, depending on their chirality 7, 8 , whereas electron transport through ropes is typically dominated by a single metallic nanotube within the rope 9 . The latter observation is in agreement with the ®nding that most of the nanotubes in a rope are semiconductors and thus insulating at the low temperatures of transport measurements 7, 8 . Electrical connections to nanotubes and nanotube ropes can be achieved by either depositing electrode metal over the top of the tubes (`end-contacted' samples), or by placing the tubes on top of prede®ned metal leads (`bulk-contacted' samples). We use both geometries to study the transport properties of nanotube ropes. Figure 1 gives an example of the measured two-terminal conductance, G, as a function of gate voltage, V g , for a bulk-contacted metallic rope at different temperatures. The Coulomb oscillations 15 that occur each time an electron is added to a nanotube within the rope are clearly visible at low temperatures. The temperature dependence of the oscillations yields a charging energy U for this sample of 1.9 meV. At temperatures above 20 K, the thermal energy exceeds the charging energy (that is, k B T . U, where k B is Boltzmann's constant and T the absolute temperature). This results in the Coulomb oscillations being nearly completely`washed out' , rendering the conductance independent of gate voltage. The dependence on temperature is illustrated in Fig. 1 inset, which shows the conductance dropping steeply as the temperature is lowered, extrapolating to G 0 at T 0. Figure 2 shows G as a function of T on a double logarithmic scale for two bulk-contacted and two end-contacted nanotube ropes ( Fig. 2a and b , respectively). The measured data (solid lines) show approximate power-law behaviour, G~T a , for the four samples shown. However, the range of temperature over which this behaviour occurs is limited by the effects of Coulomb blockade at low temperatures. After correcting for the known temperature dependence due to the Coulomb blockade 15 , the corrected data (dashed lines) show power-law behaviour over a greater temperature range, with slightly different exponents. Above T < 100 K, G begins to saturate for some samples. This saturation is observed in many, but not all, of the samples studied.
The corrected data obtained for the bulk-contacted samples show approximate power-law behaviour from 8 to 300 K with exponents a bulk < 0:33 and 0.38. In the case of the end-contacted samples, the corrected data show approximate power-law behaviour from 10 to 100 K with exponents a end < 0:6 for both samples. The upper inset to Fig. 2a shows the exponents determined from the temperature dependence of a variety of samples. Exponents marked with`x' and o' are for bulk-and end-contacted tubes, respectively. The former show a systematically lower exponent than the latter samples with a end < 0:6 and a bulk < 0:3.
The two insets in Fig. 3 show the measured differential conductance dI/dVas a function of the applied bias voltage V. The upper inset in Fig. 3a shows results for a bulk-contacted sample (see lower inset) at different temperatures, plotted on a log±log scale. In linear response, dI/dV is proportional to a (temperature-dependent) constant, G(T) from Fig. 2 . At high biases, dI/dV increases with increasing V. The curves at different temperatures fall onto a single curve in the high-bias regime. As this curve is roughly linear on a log±log plot, it implies that the differential conductance is described by a power law, dI=dV~V a , where a 0:36. At the lowest temperature T 1:6 K, this power-law behaviour occurs over two decades in V, from 1 to 100 mV.
The upper inset in Fig. 3b shows dI/dV as a function of V for an end-contacted sample (see lower inset) at several temperatures. The conductance is again a temperature-dependent constant at low biases eV p k B T, whereas at higher biases dI/dV increases. The high-bias data follows an approximate power law before rolling off to a reduced slope for V . 30 mV. Although the range of data is too small to conclude that a power law accurately describes the behaviour at intermediate voltages, if a straight line is ®tted to the range 9 mV , V , 32 mV, the exponent obtained is a 0:87.
A possible explanation for the approximate power-law behaviour that we see in our data is a strong energy dependence of the tunnel barrier, with increased tunnelling ef®ciency at high energies. This would lead to activated transport over the barrier, so that the conductance can be described by G~exp2 V b =k B T, where V b is the height of the tunnel barriers. However, this general expression for G is inconsistent with our ®nding that the conductance extrapolates to G 0 at T 0 (Fig. 1 inset) . The type of power-law behaviour that we observe could also arise if the electron transport were to occur through multiple quantum dots in series. Multiple quantum dots can be formed by disorder 16 or by barriers produced when the nanotubes bend over the lithographically de®ned contacts 17 . But as we have chosen to study only nanotube ropes that exhibit a single dominant period for the Coulomb oscillations at low temperatures, our samples are likely to contain only a single quantum dot.
A third possible explanation for the experimental observations would be that the nanotube ropes behave as a Luttinger liquid (LL). An LL is a one-dimensional correlated electron state characterized by a parameter g that measures the strength of the interaction between electrons. Strong repulsive interactions are characterized by g p 1, whereas g 1 for the non-interacting electron gas. However, for any g Þ 1, the low-energy excitations of the system are not all weakly interacting quasiparticles, and the Fermi liquid theory used to describe conventional metals is not appropriate.
In SWNTs, the long-range Coulomb interaction between electrons is expected to yield an LL with g , 1 (refs 11, 12) . For a ®nite-length tube or rope, the Luttinger parameter g is given by:
where U is the charging energy of the tube and ¢ is the singleparticle level spacing (the two one-dimensional sub-bands of the nanotube are assumed to be non-degenerate). From previous measurements and theoretical estimates 9,10 U=¢ < 6, yielding an expected Luttinger parameter g theory < 0:28.
The tunnelling of an electron into an LL is dramatically different from tunnelling into Fermi liquid. For a Fermi liquid, an energyindependent tunnelling amplitude is expected. This yields a temperature-and bias-independent tunnelling conductance. For a clean LL, on the other hand, the tunnelling amplitude is predicted to vanish as a power law in the energy of the tunnelling electron. This leads to a power-law variation of G with T at small biases (eV p k B T); GT~T a 2 or, with V at large biases (eV q k B T):
The exponent of these power laws depends on the number of onedimensional channels 18 and on whether the electron tunnels into the bulk or the end of the LL. For a SWNT with four conducting modes at E F , the exponents are 11, 12 :
Using equations (1) and (4), we obtain a end theory 0:65 and a bulk theory 0:24.
To compare these theoretical predictions for tunnelling into an isolated nanotube through a single barrier to the experimental data obtained for ropes connected by two contacts, we must make two assumptions. First, we assume that transport in the rope is dominated by a single metallic tube, as discussed previously. Preliminary theoretical studies (L.B. and C. Kane, manuscript in preparation) of ropes composed of SWNTs with a relatively small fraction of metallic tubes support this assumption. These studies ®nd that the only signi®cant inter-tube coupling is electrostatic. Such an interaction will introduce extra screening of the Coulomb interaction but, because of the weak (logarithmic) dependence of g on the screening length, the LL predictions are essentially unchanged. Second, we assume that the tunnel resistances into and out of the tube are the dominent resistances in the system. The circuit thus consists of two tunnel junctions in series, with the current response of each junction described by equations (1)±(4). We note that the voltage drop across the highest-impedance junction will be some fraction g of the total applied bias V, where 1=2 < g < 1. If the barriers are equal, the voltage will divide equally between these junctions and g 1=2. Alternatively, if the resistance of one junction dominates, g 1.
With these assumptions, the approximate power-law behaviour as a function of T or V observed in Figs 2 and 3 then follows from equations (1)±(4). The predicted values of the exponents are in good agreement with the experimental values. This agreement may be somewhat fortuitous owing to the experimental uncertainty in the value of U=¢ and complexities associated with the screening of the Coulomb interaction by the metallic leads 11, 12 . Nevertheless, the measurements are described both qualitatively and quantitatively by LL theory. Power-law behaviour in T is observed up to 300 K in the bulk-contacted samples, indicating that nanotubes are LLs even at room temperature.
At present, we do not understand the origins of the high-energy saturation observed in the end-contacted tubes. One possibility is that, at high energies, electrons can tunnel in both directions and hence the end-contacted tubes behave as bulk-contacted tubes, with a correspondingly lower exponent. Further experiments are necessary to clarify this issue.
The LL theory makes an additional prediction for this system. The differential conductance for a single tunnel junction is given by a universal scaling curve 19, 20 :
where ¡x is the gamma function, g is the constant introduced earlier that takes into account the voltage division between the two tunnel junctions, and A is an arbitrary constant. This equation assumes that the leads are at T 0 K. For leads at a ®nite temperature, dI/dV is given by the convolution of equation (5) and the derivative of the Fermi distribution: df =dE 1=4k B Tsech 2 geV=2k B T. If the above scaling relation is correct, it should be possible to collapse the data at different temperatures onto a single universal curve. To do this, the measured dI/dV at each temperature was divided by T a and plotted against eV/k B T, as shown in Figs 3a and b. For both geometries, the scaled conductance is constant as eV/k B T approaches zero, but increases when eV/k B T is signi®cantly greater than one. The data collapse quite well onto a universal curve for the bulk-contacted device over the entire bias range (Fig. 3a) . For the end-contacted device, the data deviate from power-law behaviour for biases V . 30 mV, as discussed previously. This is re¯ected in Fig. 3b in a roll-off that occurs at lower values of eV/k B T as the temperature is increased.
The solid lines in Fig. 3a and b are a plot of the curve obtained by ®tting equation (5) (convolved with df/dE) to the data, with g as a ®tting parameter. The theory ®ts the scaled data reasonably well, especially for the bulk-contacted tube, and yields g 0:5 6 0:1 and g 0:6 6 0:1 for the bulk-contacted and end-contacted tubes, respectively. Given the associated experimental uncertainty, these values fall within the allowable range (0:5 , g , 1) for two barriers in series.
Taken as a whole, the data shown in Figs 2 and 3 provide strong evidence that the electrons in metallic carbon nanotubes constitute an LL. Future work will test other predictions of this theory, such as tunnelling between LLs in end-to-end 1 and in crossed geometries 21 .
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